The texture was determined using the puncture test and the microstructure was analyzed by scanning electron microscopy. Surface properties of dried biopolymers were analyzed by surface wettability and roughness measurements. The increase in gluten concentration caused an increase in moduli and viscosity of the obtained wet biopolymers and in the puncture force for dry biopolymers. For the ternary biopolymer, layers with intercalation and exfoliation are observed in comparison with the biopolymer obtained without KAO. With the increasing Gl content in the biopolymer, the number of surface hydrophobic groups with carbon decreased and the number of surface hydrophilic groups increased. Higher Gl concentration produced less porous structure, although there are differences in the micro and nano-scale roughness. Water contact angle decreased with the increased Gl concentration, which is in agreement with less porous microstructure of the surface. The apparent surface free energy increased with the increasing of Gl concentration. The best plastic properties and the best shape of a pot were obtained for the ternary biopolymer with the 15% Gl concentration.
Introduction
Wheat gluten is a by-product of starch industry. The water insoluble fractions of the wheat proteins are prolamins and glutelins. In wheat, the prolamin fraction is called gliadin and the glutelin proteins are referred to as glutenin. Prolamins and glutenins represent about 33 and 46% of the total protein content in wheat, respectively. Prolamins are responsible for the viscosity of gluten and the fibrous Abstract The aim of the research was to investigate the effect of different gluten (Gl) concentration on ternary biopolymers with whey protein concentrate (WPC) and kaolinite (KAO). Distilled water dispersions of Gl (10-30%), WPC (7%), and KAO (5%) were heated at 80 °C for 30 min. The concentration of WPC and KAO was based on previous research with montmorillonite. Rheological properties of produced wet biopolymers were evaluated by dynamic rheology and ultrasound viscometry. The obtained biopolymers were dried in the thermostatic cabinet for 24 h at 45 °C.
glutelins affect its elasticity and firmness [1] . Wheat gluten is a material very suitable for biodegradable products as it is fully decomposed within 50 days under the aerobic soil fermentation conditions [2] .
Kaolinite is an aluminosilicate with a layered structure. Its chemical formula is Al 2 Si 2 O 5 (OH) 4 . Each layer is composed of one tetrahedral siloxane surface and an octahedral gibbsite (Al(OH) 3 ) sheet. Hydrogen bonds are responsible for binding the layers. Kaolinite is characterized by the heterogeneous surface charge with different surface structures between the base and edge planes. Charge on the edges depends on the pH of the solution and charge of the basal surfaces is constant due to the isomorphous substitution of Si 4+ by Al 3+ [3] . Whey proteins are the constituents of milk and byproducts of cheese industry. They have excellent nutritional and functional properties which are used for obtaining many different food products [4] . Lately, some no-food applications of whey proteins were made [5] . There is very little information on products obtained from gluten and whey proteins. Bakery industry uses different sources of protein to enhance nutritional values of its products. Heat treatment has a different impact on individual proteins and their interactions, especially one with another, which can be characterized as a co-protein effect. Lambrech et al. [6] developed a model to predict potential co-protein effects in the mixtures of gluten and globular proteins during heating. They detected a negative co-protein effect with the addition of lysozyme, no co-protein effect with soy glycinin or egg yolk and positive co-protein effects with bovine serum albumin, (S-)ovalbumin, egg white, whole egg, defatted egg yolk, wheat albumins, and wheat globulins. They concluded that the level of accessible-free sulfhydryl groups and the surface hydrophobicity of unfolded globular proteins were responsible for the co-protein effects in the mixtures with gluten [6] .
Traditional packaging materials obtained from petroleum oil are easy to produce and cheap, but they are neither recyclable nor safe due to possible harmful additives migration [7] . Lately a lot of attention has been paid to bioplastics as an environmentally safe alternative of conventional materials. Some new products have been developed based on gluten and nanoclays. Paperboard with the coating consisting of montmorillonite sandwiched between two layers of gluten formed a very resistant barrier for oxygen and water vapor [8] . Tunc et al. [9] obtained WG/MMT nanocomposite films. The addition of MMT led to a different protein network structure, resulting in significant reduction of water sensitivity and increase in tensile strength. Similar results were obtained for the films from wheat gluten matrix and montmorillonite intercalated with different quaternary ammonium salts [10] . Mascheroni et al. [11] produced an antimicrobial film from wheat gluten as a matrix, montmorillonite as a structure enforcing agent, and carvacrol as an antimicrobial compound.
In our previous research, we obtained biopolymers based on whey protein concentrate and montmorillonite, as well as gluten, whey protein concentrate, and montmorillonite [12, 13] . They were applied to obtain pottery with the mechanical properties similar to those of natural clay. They are fully biodegradable. Proteins are hydrolyzed by natural proteases which are produced by microorganisms in soil, and montmorillonite is a constituent of soil.
In the present investigation, ternary biopolymer based on gluten, whey protein concentrate, and kaolinite was prepared. In contrast to montmorillonite, kaolinite is a nonswelling aluminosilicate with no expansion of the interlayer in water [14] , which can influence the properties of the obtained biopolymer. Thus, more attention is paid to the surface properties of the obtained biopolymers. Contact angles of the probe liquids on the dried biopolymer surfaces, surface roughness, and X-ray photoelectron spectroscopy analysis were used to elucidate the influence of gluten concentration on the surface properties of the obtained biopolymers. This kind of combined surface research was for the first time used for biopolymers.
Materials and methods

Materials
Wheat gluten (WG) powder was produced by Massive (Czechowice-Dziedzice, Poland). According to the product data sheet, the powder consists of 84.1% protein, 7.8% starch, 1.51% fat, 0.69% ash, and 5.5% water. The whey protein concentrate (WPC) with 80.0% protein and 3.4% ash was obtained from SM Spomlek (Radzyń Podlaski, Poland). Kaolinite (Lot# BCBM2772V) was purchased from SigmaAldrich, Co. (St. Louis, MO, USA).
Production of biopolymers
The wheat gluten was mixed with the whey protein concentrate and kaolinite in the plastic bags. The powder was hydrated in distilled water to obtain dispersions with 7% (w/w) protein from WPC, 5% (w/w) KAO and gluten in the concentrations: 10, 15, 20, 25 or 30% (w/w). WPC protein and KAO concentration have been chosen based on the previous research results with montmorillonite [13] . The dispersions were heated in the water bath for 30 min at 80 °C. After heating, the samples were immediately cooled down with cold tap water for 10 min. The obtained biopolymers in the form of cylinders (ca. 50 mm in diameter and 25 mm high) were stored at 7 °C for 18 h. All the samples were equilibrated at 21 °C for 3 h and subjected to determinations of their physicochemical properties. To obtain a dry biopolymer material, small pot shapes were formed. At the pot shaping process, three independent investigators were involved, observing how the ingredients influence the texture of material and the possibility to obtain a desired shape. Obtained shapes were dried in a thermostatic cabinet ST3/3 (Pol-Eko-Aparatura, Wodzisław Śląski, Poland) for 72 h at 40 °C. The final water content in the sample was in the range 12.8-16.0% and it was measured by drying the samples at 105 °C to the constant mass.
Dynamic oscillatory rheology
All rheological measurements were performed using the RS300 (ThermoHaake, Karlsruhe, Germany) rheometer with a serrated parallel steel plate geometry (35 mm diameter, 2 mm gap size) to limit potential sliding effects. The samples were cut by a surgical scalpel (35 mm in diameter and 2.5 mm high) and analyzed by frequency sweeps in the range 0.1-10 Hz in the linear viscoelastic region (at 0.01 strain determined previously by strain sweeps). All the measurements were performed at 21 °C.
Ultrasound viscosity measurements
An ultrasound viscometer Unipan type 505 (UNIPAN, Warsaw, Poland) probe was immersed into the samples. The value of viscosity × density in mPas × g/cm 3 was measured. Each result was the average of six measurements.
Puncture tests
Measurements were performed on dried samples (flat bottom of the pots) using a P/2N needle probe (2 mm diameter). The samples were analyzed on a 15-mm thick metal plate with a 10-mm diameter hole in the center and a crosshead speed of 1 mm/s. The upper surface of a dried sample was fixed by a 3 mm steel plate with a 10-mm diameter hole in the center to prevent the sample warping. The samples were 2.0 mm thick in the test area and this was measured using a micrometer with an accuracy of 0.01 mm. Three measurements were carried out to obtain each result.
Surface roughness
The dried biopolymer surface was observed using an optical profilometer GT Contour Surface Metrology (Veeco, Tucson, USA). Surface roughness was determined using the Vision64 computer program (Veeco, Tucson, USA).
Contact angles measurements
Advancing and receding contact angles of the probe liquids on the dried biopolymer surfaces were measured using the contact angle meter GBX (Romans sur Isere, France) equipped with the controlled temperature and humidity measuring chamber as well a digital camera. The measurements were conducted at 20 °C and 50% relative humidity. A 6-µL droplet from a syringe was gently settled on the sample surface by means of an automatic deposition system. The advancing contact angle was estimated from the droplet shape by the computer program Win Drop++. Then 2 µL of the droplet volume was sucked into the syringe and the receding contact angle was calculated by the above mentioned program. The advancing and receding contact angles were measured for up to 10 droplets of each probe liquid [15] .
Apparent surface free energy determination
In the first step, the equilibrium contact angle from the Tadmor theory was calculated [16] . Tadmor proposed the calculation of equilibrium contact angle using Eq. (1).
where Γ a the advancing angle weight coefficient, and Γ r the receding angle weight coefficient [17] .
In this paper, two approaches are applied. The first one is the approach proposed by van Oss, Good and Chaudhury (LWAB) [18] where the energy is determined from the advancing contact angles of one apolar and two polar liquids.
where W A the work of adhesion, γ l the liquid surface tension, θ eq the contact angle (equlibrium), γ Frequency (Hz) Frequency (Hz) Frequency (Hz) electron-acceptor ones. Such result does not make any sense from a physicochemical point of view and then the total surface free energy is actually expressed by the dispersion component only.
Another approach proposed by Chibowski [19] is based on the contact angle hysteresis (CAH).
where γ s the apparent surface free energy, γ l the liquid surface tension, θ a the advancing contact angle, and θ r the receding contact angle.
The apparent surface free energy is calculated from Eq. (3) using the advancing, and receding contact angles, and the liquid surface tension. The calculated free energy value depends somewhat on the physicochemical properties of the liquid used. When the equilibrium contact angles were used to calculate apparent surface free energy, Eq. (3) transforms into Eq. (4).
where γ l the liquid surface tension, and θ Eq the equilibrium contact angle.
Scanning electron microscopy (SEM)
Dried biopolymers were fixed in the 2.5% glutaraldehyde solution in 0.1 M sodium cacodylate buffer. The samples were dehydrated in serial dilutions of ethanol and acetone and dried at the critical point in liquid carbon dioxide. The preparations were coated with gold using a vacuum evaporator EMITECH K550x (Emitech, Ashford, United Kingdom). The samples were viewed and photographed using a scanning electron microscope JEOL JXA-8230 (Tokyo, Japan). 
XPS (X-ray photoelectron spectroscopy) analysis
XPS spectra were taken by a multi-chamber UHV analytical system Prevac which is designed to test the surface properties of solids and powdered solids, in a wide range of temperatures and pressures. Photoelectron spectroscopy (XPS) of the induced monochromatic (source MX-650's Gammadata Scienta, Al-Kα anode) or achromatic X-rays (anode: Mg/Al or Ag) was used.
Statistical analysis
Standard deviation calculations and analysis of variance were performed using the statistical program STATIS-TICA 5.0 PL (StatSoft Polska, Warsaw, Poland). The significance of differences between the meanings was determined using the Tukey's test at the confidence level of p ≤ 0.05 based on the least significant difference.
Results and discussion
Rheological properties Figure 1 shows the influence of frequency on storage and loss moduli for the biopolymers obtained from different combinations of ingredients. The lowest values of the moduli were observed for the heated gluten dispersions. The addition of WPC or kaolinite caused an increase in the measured values. Zolfi et al. [20] found that incorporation of montmorillonite (MMT) significantly affected the mechanical properties of the kefiran-WPI films. The tensile strength and Young's modulus increased and the percentage of elongation at break decreased as the MMT content increased. The highest moduli values were noted for the biopolymers obtained from the combination of gluten, WPC, and kaolinite (Fig. 1) . Increase in gluten concentration caused an increase in the moduli values. In all cases, the value of storage modulus was several times higher than the loss modulus and the increase in frequency caused an increase in moduli values. This is characteristic of physical gels with strong interactions between different ingredients. No breaking of the bonds was observed at high frequency when more energy is put into the sample. An increase in the gluten concentration caused also a linear increase in viscosity times density measured using an ultrasound viscometer (Fig. 2 ). Higher measured values were observed for the ternary biopolymers compared to those obtained from gluten and WPC.
Textural properties
Biopolymers obtained after heating in the water bath for 30 min at 80 °C were dried in a thermostatic cabinet for 24 h at 45 °C. The puncture test was applied to measure their textural properties (Fig. 3 ). The samples with higher gluten concentration broke at higher force values. Figure 4 presents the strong linear correlations between the puncture force and the storage modulus measured at the highest value of frequency (10 Hz). This means that the structure obtained at heating in the water bath is strengthened in the drying process and gluten is the main ingredient responsible for rheological properties of the biopolymers matrix. Apichartsrangkoon and Ledward [21] noticed that the large size gluten proteins exhibited the strengthening effect of high pressure-treated gluten-soy mixtures.
Surface properties of biopolymers
Contact angles of probe liquids were measured on the ternary biopolymer plates with the gluten concentrations 20-30%. In the case of lower concentration of gluten, liquids soaked into the surfaces. To determine biopolymer plates wettability, advancing and receding contact angles of water, formamide, and diiodomethane were measured. In Fig. 5 , the contact angles of water and diiodomethane are given. Water is a liquid which interacts with the surface both in the dispersive and polar ways and diiodomethane interacts with the surface only in the dispersive way. Formamide contact angles are between those for water and diiodomethane (not shown). With the increasing gluten concentration, the surface becomes more hydrophilic, and water contact angle decreases from 86.9° ± 1.0° for the surface with 20% gluten concentration to 37.9° ± 3.8° for that with 30% gluten concentration. The opposite situation takes place in the case of non-polar diiodomethane. The contact angle measured on the 20% gluten ternary biopolymer surface is about 38.5° ± 3.3° and increases to 62.2° ± 1.3° for the surface with 30% gluten concentration. Surface wettability is a result of many factors: the functional group presence on the surface, surface topography, and conditions in the measurement chamber. In the case of surface composition, XPS measurement shows that increasing the gluten content in the biopolymer, the carbon (Table 1) . Carbon is present on the surface as C-C and C-H groups (Table 2) and in all cases this is more than 50% of the whole amount. The carbon presence in this form changes with the increasing gluten concentration. These groups are hydrophobic and hydrophobicity of the surface decreases is confirmed by the water contact angles (Fig. 5) . In Table 2 , one can see that carbon in the C=O form increases. This group is hydrophilic. Taking into account the surface composition obtained from XPS, it can be concluded, that with the increasing gluten concentration, hydrophobic properties of the surface should decrease. It is confirmed by the water contact angles (Fig. 5) . As it was mentioned before, surface wettability depends on many factors, but two are the most important: the functional group presence on the surface and topography. The images of surface roughness with the side profiles are given in Fig. 6 . As can be seen from the images, all surfaces should be considered as rough. However, roughness structures are different for different gluten concentrations. In the case of surface with the gluten concentration 20%, the hierarchical structure of roughness is present. "Hierarchical structure" is a term used in surface science. This kind of structure provides multilayers of surface roughness in micro-and nano-scale [22] . E.g., surface can be rough in a micro-scale, but it is composed of hills and holes which have smooth surface. Such a surface is not hierarchical as underneath of a microroughness there is not a nanoroughness. Side profiles obtained from profilometer reveal this kind of structure (Fig. 6) .
In Fig. 6a , from the side profile, the major micro roughness structure can be seen. It is not dominated by hills and holes of nano roughness microstructure known from superhydrophobicity [23, 24] ; however, biopolymer surface is hydrophilic and rough structure can only increase the value of water contact angle (Fig. 5) . Without the presence of hydrophobic functional groups on the surface, it is impossible to obtain superhydrophobic properties [25] . When the gluten concentration increases to 25%, a hierarchical structure can be also seen, however, in this structure nano roughness is in a different shape (Fig. 6b) . It is composed of deep and narrow holes. This part of roughness cannot be accessible to water drops. As a result, water interact more with the surface micro roughness, which occurs for the 20% gluten biopolymer surface, and water contact angle decreases to 46.3° ± 2.6° (Figs. 5, 6 ). At the highest gluten concentration (30%), the surface roughness structure is mostly in the micro-scale (Fig. 6c) . Water can penetrate this kind of roughness and despite the presence of some hydrophobic functional groups (Table 2) , the water contact angle is low. In the case of diiodomethane, this liquid can penetrate the surface and despite changes in the roughness, the content of non-polar groups on the surface decreases (Table 2) , which causes increase in diidomethane contact angles (Fig. 5) . Apparent free energy was calculated using the equilibrium contact angles and two approaches [26] . Due to the change of surface composition (Tables 1, 2 ) and surface roughness, apparent surface free energy increases with the increasing gluten concentration. The apparent surface free energy can be defined as the excess of energy on the surface of investigated material compared to the bulk of the material. In the case of investigated biopolymers, this value is important because if the value of the energy is known, it is possible to predict interactions between the material and the supportive layers. In the case of described polymers, value of energy is important in the case of interactions between the pots obtained from this material and their filling. Our calculations of apparent surface free energy were independent of the approach which was used. In Fig. 7 , total apparent surface free energy, its dispersive component and polar parameters are shown. Due to the decrease of non-polar functional groups content (Table 2) , the values of dispersive component of the energy decrease. We can also see increase of surface polarity because the value of both polar parameters increases. (Fig. 8a) and gluten, WPC and kaolinite (Fig. 8b) . Kaolinite can be seen on the surface of ternary biopolymers as sticking out sharp edged particles (shown by the arrow at Fig. 8b) . A similar size of the kaolinite particles was observed by Mackinnon   Fig. 9 Shaping possibilities of gels obtained from different combination of the ingredients a 10% G, b 10% G, 7% WPC, c 10% G, 5% K, d 10% G, 7% WPC, 5% K, e 15% G, f 15% G, 7% WPC, g 15% G, 5% K, h 15% G, 7% WPC, 5% K, i 20% G, 7% WPC, 5% K, j 25% G, 7% WPC, 5% K, k 30% G, 7% WPC, 5% K et al. [27] . X-ray diffraction analysis performed by Zolfi et al. [20] showed the formation of an exfoliated structure with the addition of small amounts of MMT to the kefiran-WPI matrix. Intercalation and some exfoliation occurred up to 5% (wt) increase in MMT. Scanning electron microscopy showed ideal dispersion of MMT nanoparticles into the structure of the biocomposite films. A similar microstructure is presented for our ternary biopolymer (Fig. 8b) . For the ternary biopolymer, layers with intercalation and exfoliation are observed, compared to the biopolymer obtained without kaolinite (Fig. 8a) .
Pot shapes
The main technological aim of the research was to obtain biodegradable pots. Figure 9 shows how the combination of different ingredients influences the possibility to shape wet biopolymers. The possibility to obtain a desired shape was evaluated based on independent observations of three investigators, who noted their observations. The investigators were in full agreement how the ingredients influence the texture of the material and the possibility to obtain a desired shape. Generally, wet gluten gels were very elastic and it was impossible to make a desired shape. After drying, the obtained material was very coherent and at the higher gluten concentration-extremely strong. The addition of kaolinite loosened the structure of the gel, but it was also not possible to obtain a pot shape (Fig. 9c,  g ). A better effect was observed for the mixtures of gluten and WPC (Fig. 9b, f) . The best plastic properties to obtain a necessary shape were observed for the ternary biopolymers ( Fig. 9h-k) . The difference between these biopolymers was seen in gluten concentration. The best plastic properties and the best shape of a pot were obtained for the ternary biopolymer with 15% gluten concentration (Fig. 9h) . Summarizing, every ingredient has a different influence on the final plastic properties of biopolymer. Gluten increases elasticity and coherence of the gel and the final dried product is more concise and harder. WPC makes the biopolymer coherent, however, the elasticity drops and it is much easier to form a desired shape. Kaolinite added to gluten loosens the microstructure, and the gel is not coherent enough to shape it. But this ingredient is necessary as it is much easier to dry gluten gels. Gluten without kaolinite has a tendency to dry fast producing a strong and coherent surface, which is wet inside. This kind of surface causes the water to be included in the gel and it is impossible to remove it. Combination of all three ingredients allows obtaining a material with plastic properties similar to natural clay.
Conclusions
The increase in the gluten concentration causes an increase in moduli and viscosity values for the obtained wet biopolymers (gels) and in the puncture force for dry biopolymers. For the ternary biopolymer, layers with intercalation and exfoliation are observed in comparison with the biopolymer obtained without kaolinite. Surface wettability is a result of the presence of the functional groups and surface topography. With the increasing gluten content in the biopolymer, the number of surface hydrophobic groups with carbon decreases and number of surface hydrophilic groups increases. As the surface becomes more hydrophilic, the water contact angle decreases. Changes in the gluten concentration cause changes in the surface roughness. A higher gluten concentration produces less porous structure, although there are differences in the micro-and nano-scale roughness. Water contact angle decreases with the increased gluten concentration, which is in agreement with a less porous microstructure of the surface. The apparent surface free energy increases with the increase of gluten concentration. It is independent of the approach which was used for the apparent surface free energy calculation. As for the application part of the research, the best plastic properties and the best shape of a pot were obtained for the ternary biopolymer with the 15% gluten concentration. This research characterizing surface properties can be important for future investigation on adhesion of different materials to the surface of biopolymers. This adhesion can influence waste of products and cleaning procedure. It also can be important in terms of adhesion of soil containing extracellular enzymes, biodegrading the biopolymers.
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